Genotoxic stress triggers apoptosis through multiple signaling pathways. Recent studies have demonstrated a specific induction of E2F1 accumulation and a role for E2F1 in apoptosis upon DNA damage. Induction of E2F1 is mediated by phosphorylation events that are dependent on DNA damage-responsive protein kinases, such as ATM. How ATM phosphorylation leads to E2F1 stabilization is unknown. We now show that 14-3-3, a phosphoserine-binding protein, mediates E2F1 stabilization. 14-3-3 interacts with ATM-phosphorylated E2F1 during DNA damage and inhibits E2F1 ubiquitination. Depletion of 14-3-3 or E2F1, but not E2F2 or E2F3, blocks adriamycin-induced apoptosis. 14-3-3 is also required for expression and induction of E2F1 apoptotic targets, such as p73, Apaf-1, and caspases, during DNA damage.
Together, these data demonstrate a novel function for 14-3-3 in the regulation of E2F1 protein stability and apoptosis during DNA damage.
Proper responses to genotoxic stress are vital to maintain genomic stability and prevent the development of cancer. The involvement of E2F1 in the DNA damage response has been recognized (1) (2) (3) (4) (5) . E2F1 is a member of the E2F transcriptional factor family, which regulates a very diverse array of genes and plays an important role in the regulation of cell cycle progression and other biological processes (1, 6 -8) . Among E2F family members, E2F1 is unique in its ability to trigger apoptosis (9 -12) and its induction in response to DNA damage (2, 4) . E2F1 transactivates p73 expression during adriamycin treatment (4) and is required for etoposide-induced apoptosis in murine thymocytes (2) . E2F1 also induces the expression of several other genes involved in apoptosis, such as p14 ARF (10, 13) , Apaf-1 (12) , and caspase-3, -7, -8, and -9 (14) . The proapoptotic activity of E2F1 is probably mediated through the induction of these genes.
The signaling events that lead to E2F1 induction upon DNA damage have also been delineated. ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3-related) phosphorylate E2F1 at Ser 31 but do not phosphorylate E2F2 or E2F3, and this specificity accounts for the selective induction of E2F1 among the E2F family during DNA damage (2) . E2F1 is also phosphorylated by Chk2 (3) . Together, these phosphorylation events lead to stabilization and activation of E2F1. In addition to phosphorylation, acetylation has also been recognized to play a role in the activation and stabilization of E2F1 protein during DNA damage (4, 15) . Thus, it appears that several DNA damage signaling pathways are involved in the induction of E2F1. However, the mechanism by which these modifications lead to E2F1 stabilization remains unclear.
We now provide evidence that a member of the 14-3-3 family proteins, 14-3-3, plays a critical role in the regulation of E2F1 stability. 14-3-3 proteins are a family of dimeric phosphoserine/ phosphothreonine-binding proteins, which are involved in a very diverse spectrum of signaling pathways (16). 14-3-3 binds to Ser 31 -phosphorylated E2F1 and inhibits the ubiquitination of E2F1 during DNA damage. It is required for the expression and induction of several E2F1 apoptotic target genes as well as apoptosis during DNA damage. Our data suggest a model in which binding of 14-3-3 to E2F1 interferes with the function of an E3 1 ligase and therefore inhibits the ubiquitination and degradation of E2F1.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-HEK293 and U2OS cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. The transfection was performed by the calcium phosphate method or the Gene Pulser Xcell electroporation system (Bio-Rad) according to the manufacturer's instructions.
Yeast Two-hybrid Screen-The N terminus of E2F1 (amino acids 1-109) in pAS2-1 vector was used as a bait to screen a HeLa cDNA library in pGADGH as described (17) .
Recombinant Plasmids-pCMV-SPORT6-14-3-3 was obtained from ResGen. FLAG-tagged 14-3-3 expression vector was constructed by excising the 14-3-3 cDNA from pCMV-SPORT6-14-3-3 by XhoI digestion and inserted into pCMV-Tag 2C. The KpnI/XhoI fragment of pCMV-SPORT6 -14-3-3 was moved to pCMV-Tag2 vector to construct FLAG-tagged ⌬N14-3-3 expression vector. The construction of pSU-PER-siE2F1, siE2F2, and siE2F3 has been described (18) . The 19-nucleotide target sequence for si14-3-3 is 5Ј-GGACTATCGGGAG-AAAGTG-3Ј, and the sequence for si14-3-3-2 is 5Ј-CGAGGAG-CGCAACCTGCTC-3Ј.
Immunoprecipitation and Western Blot Analysis-Cells were harvested with TNN buffer for immunoprecipitation as previously described (17) . Anti-FLAG (M2) beads were purchased from Sigma. Anti-HA beads (HA.11 affinity matrix) were purchased from Covance. Specific signals were detected with appropriate antibodies. The antibodies specific to E2F1 (C-20 and KH95), E2F2 (C-20), E2F3 (C-18 and N-20), 14-3-3 (C-17 and H-8), GST (B-14), and proliferating cell nuclear antigen (PC-10) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). ␤-Actin antibody was purchased from Sigma. Antigreen fluorescence protein (GFP) antibody was purchased from Clontech. The monoclonal antibody for 14-3-3 was purchased from EMD Biosciences. The monoclonal antibody for poly(ADP-ribose) polymerase (PARP) was purchased from Pharmingen.
GST Pull-down Assay-The full-length cDNA of 14-3-3 was inserted into an expression vector pGEX6P1, encoding glutathione S-transferase (GST). GST, GST-E2F1, and GST-14-3-3 proteins were induced and purified from E. coli as previously described (2) . The GST portion of GST-E2F1 was excised by PreScission protease (Amersham Biosciences). 2 g of purified GST-14-3-3 or GST was incubated at 4°C overnight with purified E2F1 or the cellular lysates prepared from HEK293 cells, which had been transfected with pcDNA3-HA-E2F1 (wild-type) or pcDNA3-HA-E2F1(S31A) and lysed in TNN buffer. GST-14-3-3 was pulled down with glutathione-Sepharose, and the bound E2F1 was analyzed by Western blotting as described (17) .
In Vitro Peptide Binding Assay-A biotin-labeled nonphosphorylated peptide (biotin-RLLDSSQIVI) or phosphorylated peptide (biotin-RLLDSpSQIVI; where pS represents phosphoserine) was synthesized by
FIG. 1. Interaction of E2F1 and 14-3-3 in vitro and in vivo.
A, E2F1 interacts with 14-3-3 in yeast. The interaction between the E2F1 N terminus (amino acids 1-109; named E2F1N) and 14-3-3 in Saccharomyces cerevisiae Y190 cells was verified by selective growth of transformants on a plate lacking tryptophan, leucine, and histidine and supplemented with 3-amino-1,2,4-triazole. Mutation at the Ser 31 to alanine (S31A) inhibits the interaction. B, interaction of E2F1 and 14-3-3 in vitro. Purified GST or GST-14-3-3 was incubated with E2F1 protein, and a GST pull-down assay was performed. E2F1 protein was detected by immunoblotting. GST-14-3-3 and GST were visualized by Ponceau S staining (bottom). C, interaction of endogenous E2F1 and 14-3-3 during DNA damage. 293T cells were left untreated or treated with the radiomimetic agent NCS at 300 ng/ml for 3 h. Lysates were immunoprecipitated (IP) with normal rabbit IgG or rabbit anti-E2F1 antibody and immunoblotted (IB) as indicated. An aliquot of lysates was probed with anti-14-3-3 antibody (bottom). Sigma. Biotin-peptides (2 g) were incubated with GST-14-3-3 or GST protein (2 g) in 1 ml of NETN-A buffer (20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM EDTA, pH 8.0, and 0.5% Nonidet P-40) at 4°C overnight. The mixtures were then incubated with either streptavidin-Sepharose (Amersham Biosciences), or glutathione-Sepharose at 4°C for 3 h and washed with NETN-B buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, pH 8.0 and 0.5% Nonidet P-40) six times. The bound GST-14-3-3 was subjected to 10% SDS-PAGE and analyzed by Western blotting with anti-GST antibody.
ELISA-A 96-well Immulon 4 flat bottom plate (VWR) was coated with biotin-labeled nonphosphorylated or phosphorylated peptides (5 g/ml and 50 l/well) at 4°C overnight. The wells were blocked with 5% bovine serum albumin/phosphate-buffered saline at room temperature for 1.5 h and then incubated with GST-14-3-3 or GST (5 g/ml and 50 l/well) at 4°C overnight. The wells were then washed with 0.5% Tween 20/phosphate-buffered saline. The bound GST or GST-14-3-3 was detected by GST antibody followed by horseradish peroxidaseconjugated secondary antibody. The plate was developed with 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma) and read at OD 450/650 in a spectrophotometer (Bio-Tek Instruments, Inc.).
RT-PCR-HEK293 and U2OS cells were transfected with pSUPER or pSUPER-si14-3-3. The U2OS cells were treated with 300 ng/ml neocarzinostatin (NCS) for 0 or 5 h. The HEK293 cells were treated with 5 M adriamycin for 0, 6, or 12 h. RNA was extracted using TRIzol reagent. RT-PCR was performed using the following primer pairs. We ensured linear amplification in all cases. RT-PCR primer sequences and PCR conditions are shown in Table I .
Flow Cytometry-HEK293 cells were transfected with 20 g of pSU-PER vectors expressing 14-3-3 or E2F siRNA by electroporation. Cells were then treated with 5 M adriamycin for 48 h and apoptosis was quantified by propidium iodide flow cytometry (17) . Alternatively, HEK293 cells were transfected with pcDNA3-GFP and pSUPER vectors and then treated with adriamycin. To assay apoptosis, cells were stained with annexin V-PE (Pharmigen) and 7-amino-actinomycin (7-AAD) (Pharmingen) as described (18) . At least 5000 GFP-positive cells were gated for each sample, and the annexin/7-AAD profile of these cells was analyzed by flow cytometry. Annexinϩ, 7-AADϪ and annexin ϩ, 7-AADϩ cells were scored as apoptotic. 31 by ATM upon DNA DamageThe N terminus of E2F1 contains Ser 31 which is phosphorylated by ATM and is required for E2F1 induction during DNA damage (2) . We used fusion proteins composed of the N-terminal portion of E2F1 and the GAL4 DNA binding domain to screen a HeLa cell cDNA library. Seventeen positive clones encoding nearly full-length 14-3-3 (amino acids 39 -247) were isolated of 12 million clones screened. The interaction was verified by selective growth of yeast cells expressing both N terminus of E2F1 and 14-3-3 on plates lacking tryptophan, leucine, and histidine (Fig. 1A) . Interestingly, the interaction was significantly impaired when Ser 31 of E2F1 was mutated to alanine, suggesting that an efficient interaction required a serine residue on that position. To confirm their direct physical interaction, we examined in vitro binding between purified E2F1 and GST-14-3-3 proteins. E2F1 protein was incubated with GST or GST-14-3-3, and the GST-14-3-3 protein was pulled down with glutathi-FIG. 2. 14-3-3 interacts with Ser 31 -phosphorylated E2F1. A, Western blot analysis of E2F1 in HEK293 cells transfected with wild type (wt) E2F1 or S31A-E2F1 and treated with NCS (300 ng/ml) for the indicated time periods. ␤-actin immunoblotting (IB) was performed to ensure equal protein loading. B, 14-3-3 interacts with ATM-phosphorylated E2F1. GST or GST-14-3-3 was incubated with the cellular lysates from NCS-treated cells as described in A and pulled down with glutathione-Sepharose. The amounts of input lysates had been adjusted so that each input contained roughly equal levels of E2F1 (bottom). C, 14-3-3 interacts with an E2F1 phosphopeptide. GST or GST-14-3-3 was incubated with a biotin-labeled nonphosphorylated peptide (nP) derived from E2F1 sequences or a Ser 31 -phosphorylated peptide (pP) and pulled down with streptavidin-Sepharose (top) or glutathioneSepharose (bottom) followed by GST immunoblotting. D, binding of 14-3-3 with E2F1 peptides was tested by ELISA as described under "Experimental Procedures." The data shown are the mean Ϯ S.D. of triplicate experiments.
RESULTS

Interaction between 14-3-3 and E2F1 Is Induced by Phosphorylation of E2F1 at Ser
one-Sepharose. GST-14-3-3 but not GST pulled down E2F1 (Fig. 1B) , demonstrating a direct interaction between 14-3-3 and E2F1.
Next, we examined whether E2F1 interacted with 14-3-3 in vivo. We detected an interaction between endogenous E2F1 and 14-3-3 in 293T cells that had been treated with NCS, a radiomimetic chemical. The interaction between endogenous proteins in the absence of DNA damage was below detection in this experiment but was readily detectable upon NCS treatment (Fig. 1C) . This result demonstrates that the interaction between endogenous E2F1 and 14-3-3 is induced upon DNA damage.
NCS activates ATM kinase and leads to E2F1 phosphorylation at the Ser 31 residue (2). This phosphorylation event might directly induce the binding between 14-3-3 and E2F1. To test this hypothesis, we prepared cellular lysates from HEK293 cells, which were transfected with the plasmid expressing either wild-type E2F1 or S31A-E2F1 and treated with NCS. We measured the amounts of E2F1 in each lysate by E2F1 immunoblotting. Consistent with previous observation (2), the protein levels of wild-type E2F1, but not S31A mutant were induced by NCS ( Fig. 2A) . We then adjusted the amount of each input lysate, so that roughly equivalent amounts of E2F1 were incubated with GST or GST-14-3-3 (Fig. 2B, bottom) . GST-14-3-3 pull-down was performed with glutathione-Sepharose. GST-14-3-3 specifically interacted with wild-type E2F1, but not S31A mutant, and the interaction was enhanced upon NCS treatment (Fig. 2B, top) . This result demonstrates that the interaction between E2F1 and 14-3-3 is induced by Ser 31 phosphorylation. Interestingly, there is weak interaction between 14-3-3 and overexpressed HA-E2F1 even before NCS treatment (Fig. 2B, 0 h ).
To further test whether 14-3-3 could bind to the region around Ser 31 , we incubated GST or GST-14-3-3 with a biotinylated E2F1 peptide (biotin-RLLDSS 31 QIVI) or phosphopeptide (biotin-RLLDSpS 31 QIVI) and pulled down the peptides with streptavidin-Sepharose. GST-14-3-3 interacted with the phosphopeptide but not with the nonphosphorylated peptide (Fig. 2C) . The interaction was dependent on 14-3-3, since GST did not interact with the phosphopeptide. The binding between 14-3-3 and phosphopeptide was also confirmed by an independent assay. The nonphosphopeptide or phosphopeptide was coated to plates and then incubated with either purified GST or GST-14-3-3. The bound protein was measured using ELISA. 14-3-3 also specifically interacted with the phosphopeptide in this assay (Fig. 2D) . Together, we conclude that 14-3-3 binds to Ser 31 -phosphorylated E2F1.
14-3-3 Is Required for the Stabilization of E2F1 Protein during DNA Damage-The phosphorylation of E2F1 at Ser 31 by ATM kinase stabilizes the E2F1 protein (2). Binding of 14-3-3 to phosphorylated E2F1 suggests a role for 14-3-3 in FIG. 3. 14-3-3 is required for the induction of E2F1 protein accumulation upon DNA damage. A, HEK293 cells were transfected with pFLAG-14-3-3, pGFP and pSUPER or pSUPER vectors expressing two different 14-3-3 siRNAs. Transfected 14-3-3 was immunoprecipitated (IP) with FLAG-beads and immunoblotted (IB) with anti-14-3-3 antibody. The expression of GFP protein in each transfectant serves as a control. B, knockdown of 14-3-3 blocks the induction of E2F1 in response to NCS treatment. HEK293 cells, transiently transfected with 14-3-3 siRNA and HA-E2F1, were treated with NCS (300 ng/ml) for 0, 1, 2, and 3 h. Western blot analysis was performed using antibodies as indicated. Proliferating cell nuclear antigen immunoblotting was performed to ensure equal protein loading. C, a dominant negative mutant ⌬N14-3-3 inhibited the induction of E2F1 by NCS. HEK293 cells were transfected with HA-E2F1 alone or with pFLAG-⌬N14-3-3 and treated with NCS. Western blot analysis was performed using antibodies as indicated.
the stabilization of E2F1. To test that, we knocked down the expression of 14-3-3 by pSUPER vector-based small interfering RNAs (siRNAs) (19) . Two 14-3-3 siRNAs significantly inhibited the expression of cotransfected FLAG-14-3-3 in HEK293 cells without affecting the levels of coexpressed GFP (Fig. 3A) . The induction of HA-E2F1 by NCS treatment was inhibited by both 14-3-3 siRNAs (Fig. 3B) . It is worth noting that the transfection in these experiments was performed by calcium phosphate method, and the transfection efficiency in HEK293 cells by this method in our hands is at most 30% as assayed by the percentage of GFP-positive cells in the pcDNA3-GFP-transfected cells. Therefore, the extent of 14-3-3 siRNA-mediated knockdown of endogenous 14-3-3 within the transfected cells would be much greater than it looks. We also took an independent approach to inhibit the function of 14-3-3.
Prior study had shown that a 14-3-3 mutant lacking the Nterminal dimerization domain (⌬N14-3-3) could function as a dominant negative inhibitor of endogenous 14-3-3 (20) . This dominant negative mutant also inhibited the induction of HA-E2F1 by NCS treatment (Fig. 3C) . In the course of experiments, we found that the transfection efficiency in HEK293 cells by our electroporation protocol can reach greater than 90% as assayed by the percentage of GFP-positive cells in the pcDNA3-GFP-transfected cells. Therefore, we utilized electroporation to carry out further transfection experiments to examine the role of 14-3-3 in the induction of endogenous E2F1. 14-3-3 siRNA significantly blocked the induction of endogenous E2F1 by adriamycin treatment (Fig. 4A) . To further investigate whether 14-3-3 siRNA inhibited the stabilization of E2F1, the E2F1 protein half-life was measured in HEK293   FIG. 4. 14-3-3 is required for the stabilization of E2F1 protein upon DNA damage. A, knockdown of 14-3-3 blocks the induction of endogenous E2F1 by adriamycin treatment. HEK293 cells were transfected with 14-3-3 siRNA and treated with adriamycin (5 M) for 0 -24 h. Western blot analysis (IB) was performed using antibodies as indicated. B, 14-3-3 siRNA inhibits adriamycin-induced prolongation of E2F1 half-life. HEK293 cells were transfected with an empty vector (upper panels) or 14-3-3 siRNA (lower panels) and were either left untreated (left panels) or treated with adriamycin (5 M) for 24 h (right panels). The cells were then treated with cycloheximide (CHX; 20 g/ml) for the time periods as indicated. The endogenous E2F1 protein was detected by Western blot analysis. C, The E2F1 levels in B were quantified by densitometry, and the relative abundance of E2F1 following CHX treatment was compared with that seen without CHX treatment and plotted. cells treated with cycloheximide in the absence or presence of adriamycin (Fig. 4, B and C) . The half-life of endogenous E2F1 in the absence of adriamycin was between 80 and 100 min but was extended to over 300 min upon adriamycin treatment. The half-life of E2F1 in 14-3-3 siRNA-transfected cells was shortened to between 40 and 60 min. Importantly, 14-3-3 siRNA prevented the stabilization of E2F1 by adriamycin treatment. Taken together, these results establish a role for 14-3-3 in the control of E2F1 protein stability. It is worth noting that TopBP1, a BRCT domain-containing protein, also interacts with E2F1, but their interaction regulates E2F1 activity rather than stability (17) . Moreover, TopBP1 siRNA does not inhibit the stabilization of E2F1 in response to DNA damage (18) . The half-life of E2F1 has been examined by several investigators and falls in the range of 1-3 h (3, 15, 21-24). Therefore, our measurement (80 -100 min) is within the general range reported in the literature. The difference between different reports is probably the result of different cell types, growing conditions, and methods used by each investigator.
14-3-3 Inhibits E2F1 Ubiquitination-E2F1 is degraded through the ubiquitin-proteasome pathway (21, (23) (24) (25) (26) (27) . To test whether 14-3-3 inhibited E2F1 ubiquitination, we coexpressed HA-E2F1 and Myc-ubiquitin with increasing amounts of 14-3-3-expressing plasmids and measured E2F1 ubiquitination by immunoprecipitation/Western blotting assay in HEK293 cells. The effect of NCS on E2F1 ubiquitination was also tested. In order to visualize ubiquitinated E2F1, a proteasome inhibitor, MG-132, was added. Overexpression of 14-3-3 resulted in inhibition of E2F1 ubiquitination in a dose-dependent manner (Fig. 5A) . NCS treatment also inhibited E2F1 ubiquitination (Fig. 5A, right lane) . We compared the S31A mutant E2F1 with wild-type E2F1 in the ubiquitination assay. Whereas 14-3-3 greatly inhibited the ubiquitination of wild-type E2F1, it affected S31A-E2F1 to a much lesser degree (Fig. 5B) , corresponding to the preferential binding of 14-3-3 to wild-type E2F1 as compared with the S31A mutant (Fig. 2B) .
The ubiquitination of endogenous E2F1 in the 14-3-3 knockdown cells was also examined (Fig. 5C) . Consistent with the results described above, depletion of 14-3-3 led to an increase of E2F1 ubiquitination. E2F1 ubiquitination was inhibited by NCS treatment, but the levels of ubiquitination in 14-3-3 knockdown cells remained elevated even during NCS treatment. Therefore, we conclude that 14-3-3 regulates E2F1 ubiquitination to control its stability.
14-3-3 and E2F1 Are Required for DNA Damage-induced Apoptosis-Given the proapoptotic activity of E2F1 and the role of 14-3-3 in E2F1 stabilization, 14-3-3 may be required for apoptosis during DNA damage. We again utilized RNA interference to test that. We transfected HEK293 cells with 14-3-3 siRNA constructs using the electroporation method, by which we achieved greater than 90% of transfection efficiency. Both siRNAs effectively inhibited the expression of endogenous 14-3-3 without altering the expression of 14-3-3␤ (Fig. 6A) .We treated mock-, empty vector-, or 14-3-3 siRNA-transfected HEK293 cells with adriamycin and quantified the degree of apoptosis with propidium iodide/fluorescence-activated cell sorting. Whereas adriamycin induced extensive apoptosis in FIG. 5. 14-3-3 protects E2F1 from degradation by the ubiquitin-proteasome pathway. A, increasing amounts of plasmids expressing 14-3-3 were cotransfected with Myc-ubiquitin-and HA-E2F1-expressing constructs in HEK293 cells. The cells were then left untreated or treated with the proteasome inhibitor MG-132 (20 M) and/or NCS (300 ng/ml) as indicated at the top. Whole cell extracts were subject to immunoprecipitation (IP) with HA beads followed by Western blot analysis to detect ubiquitinated E2F1. An aliquot of total lysates was immunoblotted (IB) with 14-3-3 or ␤-actin antibody (lower panels). The numbers to the left of each panel indicate relative molecular mass markers (in thousands). B, 14-3-3 preferentially protects wild-type E2F1, as compared with S31A mutant, from degradation by the ubiquitin-proteasome pathway. E2F1 ubiquitination assay in the presence of MG-132 was performed as in A. C, HEK293 cells were transfected with a Myc-ubiquitin expressing plasmid along with pSUPER or pSU-PER-si14-3-3 and left untreated or treated with NCS and/or MG-132. Lysates were immunoprecipitated with normal mouse IgG or a monoclonal E2F1 antibody, followed by immunoblotting to detect ubiquitinated E2F1. An aliquot of total lysates was immunoblotted with 14-3-3 or ␤-actin antibody (lower panels).
FIG. 6. A role for 14-3-3 in adriamycin (Adr)-induced apoptosis.
A, HEK293 cells were mock-transfected or transfected with pSUPER or pSUPER vectors expressing two different 14-3-3 siRNAs and treated with adriamycin (5 M) for 48 h. Apoptotic cells were counted by propidium iodide-flow cytometry. Inhibition of 14-3-3 expression but not 14-3-3␤ expression in this experiment was confirmed by Western blot analysis (top). B, HEK293 cells were transfected with pSUPER or pSUPER-si14-3-3 and pcDNA3-GFP, and treated with adriamycin as in A. Cells were then stained with annexin V-PE and 7-AAD. GFP-positive cells were gated and analyzed by flow cytometry. Top, the data shown are the mean Ϯ S.E. of three independent experiments. *, p Ͻ 0.05 (t test) compared with the pSUPER vector group. Bottom, a representative flow cytometry profile. C, HEK293 cells were transfected with the plasmids expressing 14-3-3, E2F1, E2F2, or E2F3 siRNA and treated with adriamycin (5 M) for 24 h. Apoptosis was scored by propidium iodide-flow cytometry. The data shown are the mean Ϯ S.E. of three independent experiments. *, p Ͻ 0.05 (t test) compared with pSUPER vector group. Knockdown of 14-3-3 or E2F by corresponding siRNA in these experiments was confirmed by immunoblotting (top). D, a representative propidium iodide-flow cytometry profile from the experiments described in C. E, the cell lysates from the experiments described in C were subject to Western blot analysis for PARP cleavage. ␤-actin immunoblot was performed to confirm equal protein loading.
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mock-and empty vector-transfected cells, apoptosis was significantly inhibited by both 14-3-3 siRNAs (Fig. 6A) . We also analyzed apoptosis by annexin V staining. In this experiment, pcDNA3-GFP expression vector was transiently cotransfected into HEK293 cells with pSUPER-si14-3-3, and the cells were treated with adriamycin. Apoptosis was analyzed by annexin V/7-AAD staining in GFP-positive cells. As shown in Fig. 6B , 14-3-3 siRNA inhibited adriamycin-induced apoptosis. Together, these results clearly demonstrate a critical role for 14-3-3 in DNA damage-induced apoptosis.
We also examined the role of E2F in adriamycin-induced apoptosis in HEK293 cells utilizing the siRNA for E2F1, E2F2, and E2F3, respectively (18) . The E2F siRNA specifically inhibited the expression of corresponding E2F without affecting the expression of other E2Fs (Fig. 6C, top) . The 14-3-3 siRNA inhibited the expression of 14-3-3 as well as E2F1, due to its effect on E2F1 stability and ubiquitination. The apoptosis was analyzed by a propidium iodide/fluorescence-activated cell sorting assay (Fig. 6, C and D) or the proteolytic cleavage of PARP (Fig. 6E) , which is commonly used as an apoptotic marker. Both 14-3-3 siRNA and E2F1 siRNA significantly inhibited adriamycin-induced apoptosis. In contrast, E2F2 and E2F3 siRNAs did not have a significant effect on apoptosis. The unique role of E2F1 for apoptosis among the E2F family corresponds to the selective induction of E2F1 in response to DNA damage (2) . Interestingly, the expression of PARP is reproducibly decreased in E2F1 siRNA-transfected cells (Fig. 6E) , which is consistent with the observation that PARP is an E2F1-regulated gene (28) . Together, we conclude that 14-3-3 and E2F1 are re-
FIG. 6-continued
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quired for DNA damage-induced apoptosis. The role of 14-3-3 in apoptosis is probably mediated through the control of E2F1 stability.
14-3-3 Regulates the Expression of E2F1
Target Genes-To further substantiate the regulation of E2F1 function by 14-3-3, we examined E2F1 target gene expression in 14-3-3 siRNA-transfected cells. E2F1 target genes that are related to cell cycle, such as p107, cyclin E, and thymidine kinase, as well as target genes that are related to apoptosis, such as p73, Apaf-1, and caspase-3, -7, -8, and -9, were examined. HEK293 cells were transfected with 14-3-3 siRNA and treated with adriamycin. The transcripts of several E2F1 target genes were analyzed by quantitative RT-PCR assay. To test the role of 14-3-3 in other cells, we also performed similar experiments in NCS-treated U2OS cells. p73 has been identified as an authentic E2F1 apoptotic target gene in the response to DNA damage, and phosphorylation of Ser 31 and acetylation of Lys 117 , Lys 121 , and Lys 125 are required for efficient recruitment of E2F1 on the p73 promoter after DNA damage (4). Upon DNA damage, the transcript of p73 was induced in both HEK293 and U2OS cells (Fig. 7A ). 14-3-3 siRNA inhibited the expression and the induction of p73 transcript (Fig. 7A, top panel) . 14-3-3 siRNA also inhibited the expression of several other E2F1 targets, including Apaf-1, p107, and cyclin E in both HEK293 and U2OS cells (Fig. 7A) . The expression of caspase-3, -7, -8, and -9 was reduced in 14-3-3 siRNA-transfected HEK293 cells. In U2OS cells, caspase-3 was affected, but the effect on other caspases was less pronounced. 14-3-3 siRNA did not affect the expression of p21, a p53 target gene. Interestingly, the expression of thymidine kinase (TK-1) was not affected by 14-3-3 siRNA either. Since 14-3-3 siRNA only affects the expression of E2F1, and not E2F3 (Fig. 6C) , this result is consistent with recent reports that E2F3, but not E2F1, is responsible for the regulation of thymidine kinase (29) . The effect of 14-3-3 siRNA on E2F1 target gene expression correlated with that on E2F1 protein levels (Fig. 7B) . Thus, we conclude that 14-3-3 regulates E2F1 protein stability and consequently regulates its target gene expression.
DISCUSSION
Recent studies have defined a pathway that links Rb/E2F cell cycle control with apoptosis. Particularly, the identification of ATM/Chk2 as a mediator that induces E2F1 in response to DNA damage provides us a conceptual framework to understand the interplay between growth control and stress response (2, 3) . Understanding the mechanism of E2F1 induction is therefore important. Now we have identified 14-3-3 as a critical regulator in the control of E2F1 protein stability. Through binding to ATM-phosphorylated E2F1, 14-3-3 inhibits the ubiquitination of E2F1 and stabilizes E2F1. We also demonstrate a critical role of 14-3-3 and E2F1 for adriamycin-induced apoptosis. Last, 14-3-3 is shown to be required for the expression and induction of important E2F1 targets, including 
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p73, Apaf-1, and caspases, and consequently is essential for DNA damage-induced apoptosis. The data presented in this paper allow us to propose a model in which association of 14-3-3 with ATM-phosphorylated E2F1 inhibits the binding and function of an E3 ligase and leads to E2F1 stabilization. As such, 14-3-3 regulates the expression of p73, Apaf-1, and some caspases for apoptosis (Fig. 8) . In addition to ATM, Chk2 and p300/CREB-binding protein-associated factor (P/CAF) acetyltransferase also contribute to E2F1 stabilization and activation (3, 4, 15) . Whereas the dependence of these events is unclear, it is likely that these different modifications cooperate in the induction of E2F1, as seen in the activation of p53 in response to DNA damage (30). 14-3-3 binding increases the stability of other proteins, such as Wee1 (31) , nicotinic receptor ␣ 4 subunit (32), ataxin-1 (33), p53 (34) , and histone deacetylase 7 (35). 14-3-3 interacts with p53 in response to adriamycin and blocks Mdm2-mediated p53 ubiquitination (34) . Thus, the regulation of E2F1 ubiquitination by 14-3-3 is analogous to the role of 14-3-3 in the control of p53 ubiquitination. Several E3 ligases are proposed to target E2F1 for ubiquitination, including SCF Skp2 (23) and Mdm2 (22) . Skp2 binds to the N terminus of E2F1, where the ATM phosphorylation site Ser 31 resides (23). Thus, ATM-mediated phosphorylation might result in inhibition of Skp2 binding. However, binding of SCF complex is usually induced, rather than inhibited, by phosphorylation of its substrates (36) . The expression of E2F1 protein in Skp2 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) is not affected (37) . Moreover, in an experiment involving primary MEFs prepared from four pairs of Skp2 ϩ/ϩ and Skp2 Ϫ/Ϫ sibling embryos, there was no significant difference in the induction of E2F1 accumulation upon cisplatin treatment between Skp2 ϩ/ϩ and Skp2 Ϫ/Ϫ MEFs. 2 Therefore, the role of Skp2 in the regulation of E2F1 stability during DNA damage remains unclear. Likewise, the basal level and induction of E2F1 protein were indistinguishable between three pairs of p53 Ϫ/Ϫ Mdm2 ϩ/Ϫ and p53 Ϫ/Ϫ Mdm2 Ϫ/Ϫ MEFs upon cisplatin treatment. 3 Thus, the identity of E3 ligase(s) involved in E2F1 stability control during DNA damage remains elusive. The discovery of 14-3-3 as a regulator for E2F1 ubiquitination would facilitate the identification of the relevant E3 ligase(s) for E2F1.
Two canonical 14-3-3 binding motifs have been defined as RSXpSXP and RXXXpSXP (38) . However, 14-3-3 also binds to phosphoserines within different binding motifs, such as the Ser-rich motif (39) , as well as motifs that do not conform to any of the above mentioned sequences or do not even require phosphorylation for binding (16, 40) . The sequence of E2F1 phosphopeptide (RLLDSpS 31 QIVC) that binds to 14-3-3 does not strictly conform to the classical binding motifs and may represent a new variation of the binding motif. It is interesting to note that p53 also contains an atypical 14-3-3 binding motif, and the interaction between p53 and 14-3-3 depends on ATM function as well (41) . However, unlike E2F1, binding of 14-3-3 to p53 requires ATM-dependent dephosphorylation of pS376 to generate a binding motif at pS378, since double phosphorylation inhibits the 14-3-3 association (41) .
Interestingly, the levels of E2F1 protein and ubiquitination are affected by 14-3-3 siRNA even in the absence of DNA damage. 14-3-3 interacts weakly with overexpressed E2F1 proteins (Fig. 2B) . A weak interaction between endogenous 14-3-3 and E2F1 in untreated HEK293 cells was seen in some co-immunoprecipitation experiments (data not shown). Thus, 14-3-3 may be required for maintaining E2F1 protein stability even in normal growth conditions, and DNA damage simply augments their interaction.
The regulation of E2F1 stability by 14-3-3 is important for E2F1 function. The examination of endogenous E2F1 target genes in the 14-3-3 knockdown cells provides compelling evidence that 14-3-3 regulates E2F1 function under physiologic conditions and genotoxic stress. Importantly, the E2F target genes that are affected by 14-3-3 siRNA include those involved in apoptosis, such as p73, Apaf-1, and caspases. 14-3-3 siRNA inhibits the expression and induction of p73 during DNA damage. Whereas the expression of Apaf-1 or caspases is either induced very mildly or not at all by adriamycin or NCS, their expression is decreased in the 14-3-3-depleted cells. Thus, the 14-3-3-depleted cells contain lower levels of proteins involved in apoptosis and therefore are less "proapoptotic" compared with the cells containing high E2F1 levels.
Regulation of E2F1 stability by 14-3-3 is important for apoptosis during DNA damage. In line with the selective accumulation of E2F1 protein in response to DNA damage (2), adriamycin-induced apoptosis is selectively inhibited by the siRNA of E2F1 but not E2F2 or E2F3 (Fig. 6, C-E) . Previously, we showed that etoposide-induced apoptosis is attenuated in E2F1 Ϫ/Ϫ murine thymocytes (2). The results obtained from siRNA experiments further support a critical role of E2F1 for DNA damage-induced apoptosis. The role of E2F1 and 14-3-3 2 W.-C. Lin and K. Nakayama, unpublished results. 3 W.-C. Lin, unpublished results.
FIG. 6-continued
14-3-3 Regulates E2F1 Stability
in apoptosis may depend on cellular contexts. For example, the difference in the response of primary MEFs with different E2F1 genotypes to various chemotherapeutic drugs, as measured by the extent and kinetics of G 1 /S arrest and apoptosis or by colony formation assay, is either not significant (2) or very small (42) . In this case, the response to genotoxic stress may be primarily dictated by p53. However, in some transformed cells, such as HEK293 cells in which p53 is disabled by E1B, the levels of E2F1 become important in determining the occurrence of apoptosis. Considering that p53 is mutated in roughly half of human cancers and most cancer cells contain excessive E2F activities because of deregulation in the Rb pathway, 14-3-3 may be an important determinant for chemosensitivity in cancer therapy.
FIG. 7. 14-3-3 regulates the expression of E2F1 target genes. A, HEK293 and U2OS cells were transfected with pSUPER or pSUPERsi14-3-3 and were treated with adriamycin (5 M) for 0, 6, or 12 h or NCS (300 ng/ml) for 0 or 5 h, respectively. RNA was extracted, and RT-PCR was performed using the primers specific for selected E2F1 target genes, p21, or glyceraldehyde-3-phosphate dehydrogenase. Mock RT-PCR represents a control reaction without the addition of RNA. B, a portion of cells in the experiments (A) was lysed, and cellular lysates were analyzed by Western blot analysis with indicated antibodies. 
